ABSTRACT
INTRODUCTION

Creating digital models of physical objects is essential for use in a vast array of different applications including: computer animation, video game development, rapid prototyping, medical research, archaeology, art history, and fashion design. 1, 2 One very popular method of model acquisition is range scanning. This method yields a point cloud of 3D data, called a range image, that can then be aligned and combined with other range images captured from different view angles and then processed to produce a digital surface model. The final step in
the scanning process is generally referred to as surface reconstruction. [3] [4] [5] The most popular approach to surface reconstruction merges each individual scan into a volumetric grid. 3 A triangle mesh is then extracted using the marching cubes algorithm. 6 Although range scanning technology has contributed greatly to model creation, it has also introduced some concerns. Specifically, recent work shows that topological errors such as tiny handles can significantly lower the overall quality of range-scanned models. 7, 8 A handle can be defined as a portion of the surface that is topologically equivalent to a genus one surface, like the handle on a coffee cup. In most cases, the handles found on the final reconstructed models are extremely small. They degrade the overall quality of a model indirectly by complicating subsequent geometry processing procedures, such as model simplification, smoothing, and parameterization (including texture mapping and remeshing). [9] [10] [11] Finally, some applications, such as the fitting of organ templates to medical MRI data, strictly require topologically correct models. 12 One common reconstruction tool widely used in the research community is the VRIP application. 3 We base our exploration of the source of excess topology on this well known surface reconstruction tool. We found that by examining the acquisition and reconstruction phases, we were able to reduce the amount of erroneous topology by over 60 percent. In particular, we found that the surface reconstruction phase contributed strongly to the presence of excess topology.
RELATED WORK
Surface reconstruction has been tackled by many researchers, 3-5, 14, 15 3 we wanted to explore removing these points completely from the reconstruction pipeline.
Since we cannot gain any sense of overlapping regions or range image adjacency without first aligning all the range images, we actually perform our data point analysis and removal algorithm after the range image registration phase. The basic idea of our algorithm was to remove any range data points whose distance to its neighbors was beyond a given threshold value. Our tests consisted of the following steps: (1) run our algorithm to identify likely erroneous points, (2) remove the flagged points and write out a filtered version of the input data set, (3) input the filtered data set into the reconstruction phase (in place of the original data), and (4) compare the genus (handle count) of the model produced from our filtered data to that of the model produced from the original, unmodified data.
Our filtering algorithm may be broken into the following high-level steps: The mesh on the right, however, is non-manifold since it contains invalid vertices (marked in red) that are neither disks nor half-disks. These vertices represent an invalid hole-spanning face or isle. Table 1 . . Hybrid hole filled Buddha arm. The Buddha statue with hole filling performed using our hybrid method. On the left we see the entire genus 28 statue. In the middle is a close up of the armpit region hole filled using VRIP (total genus 47), compared with the same region using our method. Note that this surface is an improvement over the pure surface based method (see Figure 2) , however, selecting the geometric center for creating a triangle fan to fill this hole, still creates poor geometry for this hole.
Find all regions of overlap between each pair of range images 2. For each point P in an overlap region, find the closest point on the closest neighboring range surface to P
If the distance to this closest point is greater than a given threshold (DT), remove P as a potential erroneous data point
In order to determine the overlapping regions between neighboring range images, we used spatial partitions to efficiently gain information regarding both whether or not a given region in the volume
Hole-Filling Analysis
Set all voxel points as unseen
Update voxels near to
Hybrid Volumetric-Surface Hole Filler
We also explored the use of a hybrid volumetric and surface hole filler. This exploration was motivated by the fact that our surface hole filler did reduce the introduction of extraneous topological handles, however, it caused some topological side-effects. See Section 4, specifically, Figure 2. Our hybrid hole filler worked first on the volume data directly by using morphological operators similar to those in Noorudin and
RESULTS
We present results from our analysis of both the raw input range data as well as the hole-filling stage of model reconstruction. The range image data used in our experimental tests was obtained from Stanfords 3D Scanning Repository website and includes the following models: a Buddha statuette, a sculpture of a Chinese dragon, and an armadillo action figure (see Figures 2 and 3). Each of these models was scanned using a Cyberware 3030 MS laser scanner device, and consists of approximately 60-70 range scans/images.
Basic Hole-Filler Results
Our experiment for testing the topological effects of the reconstruction stage in the model creation pipeline was designed in the following manner. For each model being tested, we obtained the set of range images corresponding to the model and reconstructed two different versions of each; once using VRIPs internal hole-filler and a second time without it and then filling holes as described in Section 3.2. The results of this process are displayed in
Hole Filler Discussion
As can bee seen in Figure 2 
Raw data filtering
For our analysis into the topological effects of possibly erroneous or noisy raw range data (as generated by the laser scanning hardware), we compared the output of filtered and unfiltered data sets through the rest of the pipeline in an identical manner, producing two reconstructed models. The results of this investigation are displayed in Table 2 . 
Conclusion
